Report  Documentation  Page 

Form  Approved 

0MB  No.  0704-0188 

Public  reporting  burden  for  the  collection  of  information  is  estimated  to  average  1  hour  per  response,  including  the  time  for  reviewing  instructions,  searching  existing  data  sources,  gathering  and 
maintaining  the  data  needed,  and  completing  and  reviewing  the  collection  of  information.  Send  comments  regarding  this  burden  estimate  or  any  other  aspect  of  this  collection  of  information, 
including  suggestions  for  reducing  this  burden,  to  Washington  Headquarters  Services,  Directorate  for  Information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Arlington 

VA  22202-4302.  Respondents  should  be  aware  that  notwithstanding  any  other  provision  of  law,  no  person  shall  be  subject  to  a  penalty  for  failing  to  comply  with  a  collection  of  information  if  it 
does  not  display  a  currently  valid  0MB  control  number. 

1.  REPORT  DATE 

NOV  1997  2.  REPORT  TYPE 

3.  DATES  COVERED 

00-00-1997  to  00-00-1997 

4.  TITLE  AND  SUBTITLE 

Anisotropic  grain  noise  in  eddy  current  inspection  of  noncubic 
polycrystalline  metals 

5a.  CONTRACT  NUMBER 

5b.  GRANT  NUMBER 

5c.  PROGRAM  ELEMENT  NUMBER 

6.  AUTHOR(S) 

5d.  PROJECT  NUMBER 

5e.  TASK  NUMBER 

5f.  WORK  UNIT  NUMBER 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Air  Force  Research  Laboratory, Metals,  Ceramics,  and  NDE 

Division, Wright  Patterson  AFB, OH, 45433-7817 

8.  PERFORMING  ORGANIZATION 

REPORT  NUMBER 

9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES) 

10.  SPONSOR/MONITOR’S  ACRONYM(S) 

11.  SPONSOR/MONITOR’S  REPORT 
NUMBER(S) 

12.  DISTRIBUTION/AVAILABILITY  STATEMENT 

Approved  for  public  release;  distribution  unlimited 

13.  SUPPLEMENTARY  NOTES 

14.  ABSTRACT 

15.  SUBJECT  TERMS 

16.  SECURITY  CLASSIFICATION  OF:  17.  LIMITATION  OF 

_ _ _  ABSTRACT 

18.  NUMBER  19a.  NAME  OF 

OF  PAGES  RESPONSIBLE  PERSON 

a.  REPORT  b.  ABSTRACT  c.  THIS  PAGE  Same  aS 

unclassified  unclassified  unclassified  Report  (SAR) 

3 

Standard  Form  298  (Rev.  8-98} 

Prescribed  by  ANSI  Std  Z39-18 


APPLIED  PHYSICS  LETTERS 


VOLUME  72,  NUMBER  9 


2  MARCH  1998 


Anisotropic  grain  noise  in  eddy  current  inspection  of  noncubic 
polycrystalline  metals 

Mark  Blodgett 

Metals,  Ceramics,  and  NDE  Division,  Wright  Laboratory,  Wright-Patterson  Air  Force  Base,  Dayton, 

Ohio  45432-6533 

Peter  B.  Nagy 

Department  of  Aerospace  Engineering  and  Engineering  Mechanics,  University  of  Cincinnati,  Cincinnati, 
Ohio  45221-0070 

(Received  24  November  1997;  accepted  for  publication  6  January  1998) 

This  letter  discusses  the  role  electrical  anisotropy  plays  in  the  structural  integrity  assessment  of 
polycrystalline  titanium  alloys  from  the  standpoint  of  fatigue  crack  detection  and  the  related  issue 
of  microstructural  noise.  In  eddy  current  inspection  of  noncubic  crystallographic  classes  of 
polycrystalline  metals  the  electric  anisotropy  of  individual  grains  produces  an  inherent 
microstructural  variation  or  noise  that  is  very  similar  to  the  well-known  acoustic  noise  produced  by 
the  elastic  anisotropy  of  both  cubic  and  noncubic  materials  in  ultrasonic  characterization.  The 
presented  results  demonstrate  that  although  the  electrical  grain  noise  is  clearly  detrimental  in  eddy 
current  nondestructive  testing  for  small  flaws,  it  can  be  also  exploited  for  characterization  of  the 
microstructure  in  noncubic  poly  crystalline  materials  such  as  titanium  alloys  in  the  same  way 
acoustic  grain  noise  is  used  for  ultrasonic  characterization  of  the  microstructure  in  different 
materials.  ©  1998  American  Institute  of  Physics.  [80003-6951(98)03609-2] 


Elastic  anisotropy  of  single  crystals  plays  an  important 
role  in  ultrasonic  materials  characterization  of  polycrystal¬ 
line  materials.  Microscopically  homogeneous  but  randomly 
oriented  individual  grains  make  up  a  macroscopically  isotro¬ 
pic  but  inhomogeneous  medium  which  produces  incoherent 
wave  scattering  commonly  called  “grain  noise.”  While 
acoustic  grain  noise  has  an  obvious  adverse,  often  prohibi¬ 
tive,  effect  on  ultrasonic  flaw  detection,^’^  it  can  be  also  ex¬ 
ploited  for  ultrasonic  characterization  of  the  grain 
structure. Electric  anisotropy  exhibited  by  specific  types 
of  crystallographic  classes  can  play  a  very  similar  role  in 
electromagnetic  testing  of  polycrystalline  metals.  All  physi¬ 
cal  properties  relating  two  first-order  tensor  quantities  are 
characterized  by  second-order  tensors,  the  directivity  of 
which  can  be  represented  by  an  ellipsoid  of  revolution.^’* 
Such  properties  include  electrical  and  thermal  conductivity, 
thermoelectricity,  dia-  and  paramagnetism,  and  dielectricity. 
In  the  most  common  cubic  system,  the  ellipsoid  degenerates 
into  a  sphere  and  these  properties  become  fully  isotropic. 
However,  in  noncubic  materials  the  same  physical  properties 
are  inherently  anisotropic.  In  contrast,  elastic  material  prop¬ 
erties  relate  two  second-order  tensor  quantities,  therefore 
they  are  characterized  by  fourth-order  tensors.  As  a  result, 
from  an  elastic  point  of  view,  cubic  crystals  are  also  aniso¬ 
tropic  just  like  other  crystallographic  classes. 

In  nondestructive  materials  characterization  electrical 
conductivity  is  usually  measured  by  the  noncontacting  eddy 
current  method.  Neighbor  was  the  first  to  apply  the  eddy 
current  method  to  electrically  anisotropic  materials  and 
showed  theoretically  that  one  can  obtain  the  full  conductance 
tensor  from  such  measurements.®  Special  eddy  current  coil 
configurations  that  allow  the  simultaneous  measurement  of 
electrical  conductivity  in  two  principal  directions  have  been 
developed  for  texture  assessment  in  plates.*®’"  Just  as  in  the 


case  of  elastic  anisotropy,  the  source  of  electrical  anisotropy 
can  be  either  (i)  intrinsic  crystallographic  anisotropy  in 
single  crystals  and  textured  polycrystals  or  (ii)  structural  an¬ 
isotropy  caused  by  oriented  reinforcement  in  composite  ma¬ 
terials.  The  latter  can  be  exploited  for  eddy  current  assess¬ 
ment  of  constituent  volume  fractions  in  metal  matrix 
composites.*^’**  Grain  boundary  contributions  to  the  electri¬ 
cal  resistivity*'^  can  cause  additional  electrical  anisotropy  in 
polycrystalline  materials  with  elongated  grains  aligned  in 
preferred  orientation  due  to  thermal  or  mechanical  treatment. 

It  should  be  emphasized  that,  in  contrast  with  elastic 
properties,  the  electric  conductivity  is  completely  isotropic  in 
cubic  crystals  which  constitute  the  overwhelming  majority  of 
poly  crystalline  metals;  therefore,  the  role  of  intrinsic  crystal¬ 
lographic  anisotropy  in  eddy  current  testing  has  not  been 
investigated  in  detail.  However,  less  common  materials  of 
hexagonal  symmetry  can  exhibit  strong  electrical  anisotropy 
with  significant  difference  in  conductivity  between  the  basal 
plane  and  normal  to  it.  Titanium  is  one  of  the  few  structural 
metals  of  practical  importance,  especially  in  aerospace  appli¬ 
cations,  which  preferentially  crystallizes  in  hexagonal  sym¬ 
metry  and  therefore  exhibits  strong  electrical  anisotropy. 

Eddy  current  testing  is  the  most  common  electromag¬ 
netic  nondestructive  evaluation  method  and  is  widely  used  in 
the  aerospace  industry.  Small  diameter  coils  combined  with  a 
computer  controlled  scanning  mechanism  can  be  readily 
used  for  eddy  current  imaging.  The  coil  impedance  is  deter¬ 
mined  by  the  resistivity  of  the  specimen  as  measured  by  the 
eddy  current,  which  runs  parallel  to  the  surface  in  a  concen¬ 
tric  circle  with  the  coil.  In  this  way,  an  eddy  current  probe 
measures  the  average  resistivity  in  a  given  plane  rather  than 
in  a  given  direction.  As  the  probe  is  moved  along  the  surface, 
it  measures  the  local  average  resistivity  along  the  path  of  the 
eddy  current  in  the  plane  of  the  surface.  The  resistivity  is 
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integrated  over  the  entire  probe  circumference  in  the  eddy 
current  path,  resulting  in  grain  contrast  that  is  proportional  to 
the  average  resistivity  between  the  different  crystallographic 
planes. 

For  hexagonal  crystals  like  pure  titanium  and  its  most 
common  alloys  the  axial  symmetry  around  the  principal  di¬ 
rection  (the  hexagonal  axis)  allows  the  directional  depen¬ 
dence  of  the  electrical  resistivity  to  be  described  over  the 
entire  space  by  two  orthogonal  axes  and  the  directivity  can 
be  represented  as  an  ellipsoid  of  revolution; 

p{(f))  =  p^  cos^  <p  +  P\\  sin^  (j),  (1) 

where  py  and  p^  denote  the  electrical  resistivity  in  the  basal 
plane  (plane  of  isotropy)  and  normal  to  it,  respectively,  and 
4>  denotes  the  angle  between  the  direction  of  current  flow 
and  the  normal  of  the  basal  plane.  It  is  readily  seen  from  Eq. 

(1)  that  in  cubic  materials  the  electrical  resistivity  is  fully 
isotropic  due  to  the  balanced  symmetry  of  the  lattice  struc¬ 
ture,  i.e.,  the  resistivity  becomes  a  single  scalar  value  and  the 
ellipsoid  describing  its  directional  dependence  degenerates  to 
a  sphere.  For  eddy  current  measurements  of  electrical  resis¬ 
tivity  in  a  hexagonally  symmetric  single  crystal,  the  average 
surface  resistivity  can  be  expressed  from  Eq.  (1)  as: 

Pj(0)  =  l/2[pj^  sin^  0-l-pil(l -l-cos^  0)],  (2) 

where  6  denotes  the  inclination  angle  between  the  basal 
plane  and  the  surface  of  the  specimen.  For  example,  in  pure 
titanium  p^=48  /rfl  cm  and  p||  =  45.35  pbil  cm,  i.e.,  the  re¬ 
sistivity  is  approximately  6%  lower  in  the  basal  plane  than 
normal  to  it.*^  Because  of  the  above  described  averaging 
effect  of  eddy  current  inspection,  the  actual  grain  contrast  is 
expected  to  be  50%  lower  in  eddy  current  inspection.  In 
titanium,  the  average  resistivity  is  approximately  3%  lower 
when  the  basal  plane  is  parallel  to  the  surface  than  when  it  is 
normal  to  it. 

In  order  to  assess  the  feasibility  of  eddy  current  materi¬ 
als  characterization  and  flaw  detection  in  structural  alloys  of 
noncubic  symmetry,  we  carried  out  two  sets  of  experiments. 
First,  we  used  an  eddy  current  probe  to  measure  the  direc¬ 
tional  variation  of  the  electrical  conductivity  in  pure  single 
crystals  of  aluminum,  copper,  and  cadmium;  the  former  two 
materials  consist  of  a  cubically  symmetric  crystallographic 
lattice,  the  latter  one  consists  of  a  hexagonally  symmetric 
lattice  (unfortunately,  titanium  single  crystals  cannot  be 
grown  to  sizes  large  enough  for  accurate  eddy  current  con¬ 
ductivity  measurements).  Second,  we  used  an  eddy  current 
scanner  to  map  the  electrical  grain  noise  in  Ti-6A1-4V  tita¬ 
nium  alloy  specimens  of  different  microstructures. 

The  Al,  Cu,  and  Cd  single  crystals  used  in  this  study 
were  of  random  orientation.  Each  specimen  was  a  solid  cyl¬ 
inder  of  approximately  2  in.  length  and  0.5  in.  diameter, 
large  enough  to  cut  into  five  sections  of  varying  surface  ori¬ 
entation.  Eddy  current  resistivity  measurements  were  taken 
on  the  various  single  crystal  sample  sets  using  a  Nortec  19e 
eddy  current  instrument  and  a  0.060  in.  diam  probe  at  2 
MHz. 

The  measured  data  are  shown  in  Figures  1(a)- 1(c)  as 
histograms  of  the  probability  distributions  of  the  surface  re¬ 
sistivity  for  various  surface  crystallographic  orientations  in 

the  three  single  crystals.  For  each  set,  only  three  surfaces 
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FIG.  1 .  Electrical  resistivity  probability  distributions  for  three  single  crystal 
surface  orientations  in  (a)  aluminum,  (b)  copper,  (c)  cadmium,  and  (d)  on 
the  surface  of  polycrystalline  Ti-6V-4V  (solid  lines  are  best  fitting  Gaussian 
distributions). 

showing  the  largest  differences  in  average  resistivity  are  dis¬ 
played.  It  should  be  noted  that  these  values  in  average  elec¬ 
trical  resistivity  are  subject  to  a  variety  of  small  experimental 
errors,  including  thermal  drift  from  the  instrument  or  sample, 
probe  alignment  and  an  associated  probe  rocking  effect,  in¬ 
evitable  thickness  and  edge  effects,  etc.,  hence  the  variability 
in  the  data.  These  factors  were  considered  during  the  data 
collection  and  efforts  were  taken  to  minimize  their  effects. 
The  data  from  Figure  1(c)  clearly  demonstrates  the  crystal¬ 
lographic  dependence  of  the  electrical  resistivity  in  cadmium 
representing  noncubic  materials,  as  opposed  to  the  lack  of 
separation  demonstrated  by  cubic  copper  and  aluminum  in 
Figures  1(a)  and  1(b).  In  the  cadmium  crystal  the  values  of 
electrical  resistivity  are  p^  =  8.3  /Ltfl  cm  and  py 
=  6.8  p,fl  cm,  a  relatively  large  difference  of  approximately 
22%  between  the  basal  plane  and  the  normal  to  it.^  Due  to 
the  averaging  effect,  the  most  extreme  resistivity  separation 
which  could  be  expected  in  Cd  by  eddy  current  measurement 
is  approximately  11%.  The  average  resistivity  variation 
present  in  the  randomly  cut  Cd  samples  was  clearly  measur¬ 
able  with  a  maximum  variation  of  approximately  3%  in  re¬ 
sistivity.  Considering  that  the  five  flat  surfaces  which  were 
large  enough  for  accurate  conductivity  measurements  with¬ 
out  adverse  edge  effects  did  not  necessarily  coincide  or  even 
to  AlP  license  or  copyright,  see  http://ojps.aip.org/aplo/aplcr.jsp 
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FIG.  2.  Scanned  eddy  current  images  of  different  Ti-6A1-4V  microstruc¬ 
tures:  (a)  the  as  received  billet  microstructure  showing  texture  related  fea¬ 
tures  in  the  horizontal  direction;  (b)  solution  treated  and  annealed  very  fine 
microstructure;  (c)  equiaxed  beta  annealed  microstructure;  and  (d)  heat- 
treated  coarse  grain  structure  with  large  colonies  (dimension  1  in. XI  in.). 


lie  close  to  the  principal  planes  of  maximum  separation,  the 
measured  variation  is  reasonable.  It  should  be  emphasized 
that  the  primary  purpose  of  these  experiments  was  simply  to 
demonstrate  that  the  intrinsic  electrical  anisotropy  of  hexago¬ 
nal  materials  can  far  exceed  the  sensitivity  of  eddy  current 
inspection.  A  more  quantitative  experimental  study  based  on 
accurate  orientation  measurements  via  x-ray  diffraction  and  a 
much  smaller  eddy  current  probe  to  avoid  edge  effects  is 
currently  underway. 

Because  of  our  particular  interest  in  nondestructive  test¬ 
ing  of  high-strength  titanium  alloys  by  eddy  current  methods, 
a  special  attempt  was  made  to  obtain  the  same  type  of  data 
from  a  pure  alpha  (hexagonal)  phase  Ti  single  crystal.  How¬ 
ever,  due  to  the  inherently  small  size  of  the  available  Ti 
single  crystals,  it  was  not  possible  to  collect  data  actually 
representative  of  the  material’s  electrical  resistivity  due  to 
edge  affects,  which  tend  to  diminish  the  accuracy  of  the  mea¬ 
surements.  Moreover,  in  titanium,  the  maximum  difference 
in  average  resistivity  measured  using  the  eddy  current 
method  is  expected  to  be  only  about  3%,  i.e.,  only  one  fourth 
of  the  corresponding  variation  in  Cd.  Nevertheless,  based  on 
the  results  from  the  Cd  crystal  sample,  the  evidence  of  elec¬ 
trical  anisotropy  in  noncubic  crystalline  materials  is  clearly 
supported.  To  further  demonstrate  this  point.  Figure  1(d) 
shows  the  probability  distribution  of  the  surface  resistivity 
for  a  Ti-6A1-4V  polycrystalline  specimen.  As  expected,  there 


polycrystalline  Ti-6A1-4V  can  be  clearly  observed  on  the 
eddy  current  images  shown  in  Figure  2,  which  correspond  to 
a  1  in.  X 1  in.  area  on  the  samples.  Figure  2(a)  shows  a  typical 
as  received  billet  microstructure  with  texture  related  features 
in  the  horizontal  direction.  The  specimen  shown  in  Figure 
2(b)  has  been  solution  treated  and  annealed  to  produce  a  very 
fine  grain  structure  which  is  not  resolved  by  the  0.060  in. 
diam  probe.  Figures  2(c)  and  2(d)  show  an  equiaxed  beta 
annealed  microstructure  and  a  heat-treated,  coarse  grain 
structure  with  very  large  colonies,  respectively. 

To  conclude,  some  interesting  parallels  can  be  observed 
between  the  reported  electromagnetic  approach  and  conven¬ 
tional  ultrasonic  evaluation  methods.  Ultrasonic  techniques 
can  be  used  to  exploit  the  fact  that  in  polycrystalline  materi¬ 
als,  grain  to  grain  differences  in  crystallographic  orientation 
and  the  presence  of  grain  boundaries  provide  a  source  for 
scattering  of  ultrasonic  energy.  In  ultrasonic  flaw  detection, 
the  acoustic  grain  noise  is  clearly  detrimental  due  to  reduced 
detection  threshold.  Likewise,  electromagnetic  inspection 
techniques  benefit  from  the  fact  that  noncubic  systems  ex¬ 
hibit  electrically  anisotropic  properties,  allowing  for  micro- 
structural  characterization,  and  suffer  from  the  fact  that  the 
electrical  scatter  originating  from  varying  local  resistivity 
raises  the  noise  floor,  thereby  reducing  flaw  detectability. 
Although  the  electrical  anisotropy  of  noncubic  crystals  is  a 
well  known  physical  fact,  to  the  best  of  our  knowledge,  the 
significant  role  played  by  the  microscopic  electrical  anisot¬ 
ropy  of  individual  grains  in  the  macroscopic  eddy  current 
response  of  the  polycrystalline  material  has  never  been 
pointed  out  or  investigated  in  any  depth. 
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